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We present experimental results of high frequency quantized charge pumping through a quantum
dot formed by the electric field arising from applied voltages in a GaAs/AlGaAs system in the
presence of a perpendicular magnetic field B. Clear changes are observed in the quantized current
plateaus as a function of applied magnetic field. We report on the robustness in the length of the
quantized plateaus and improvements in the quantization as a result of the applied B field.
PACS numbers: Valid PACS appear here
Single electron turnstiles1,2,3 and pumps4 were the first
devices demonstrating electron transfer in a controlled
manner. By periodically modulating the tunnel barriers
electrons were moved through a quantum dot (QD). In
these single electron tunneling (SET) devices, the trans-
port of individual electrons can be controlled by means
of an externally applied periodic signal at a certain fre-
quency f . The generated current I is determined by the
integer number n of electrons that are transported in each
cycle and the frequency f at which the pump is operated,
such that Ipump = nef (with e the elementary charge).
Keller et al5 operated a 7-junction electron pump with an
error per pumped electron of 15 parts in 109. In such sys-
tems, quantized current is observed with frequencies lim-
ited to 20MHz which allows enough time for the stochas-
tic tunnel process to take place. Much work has been car-
ried out on surface acoustic waves (SAWs) on a piezoelec-
tric GaAs substrate operating around 3GHz where quan-
tized acoustoelectric current is observed through a single
split gate configuration6,7. More recently the realization
of gigahertz charge pumping8 has led to a marked in-
crease in the total pumped current when compared with
earlier pumps and turnstiles. The ease of operation9 and
robustness10 of these devices allows for their potential
application in metrology, quantum computation, single
photon production and integrated single electron circuits.
In this paper we will study the effects of a perpendic-
ular magnetic field on the ability to accurately capture
and eject electrons in a single-electron pump. We find
that the magnetic field leads to a significant improve-
ment in the accuracy and robustness of current quanti-
zation. This is useful because single-electron pumps are
a promising candidate for defining an electrical standard
for current. An error of less than one part in 106 with
a current of at least one nanoampere is required. Ap-
plication of a magnetic field is shown to aid in obtain-
ing the required accuracy. Also, performing such studies
may allow us to gain a better understanding of the pump
operation which could lead to further improvements in
quantization.
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FIG. 1: Pumped current as a function of V2. Here, V1 =
−0.140V and V AC1 = 306.7MHz at −12 dBm. Plateaus are
visible at currents corresponding to a quantized number of
electrons pumped per cycle. The expected values for these
plateaus are shown as dashed lines in the figure. Inset is
an SEM image of the device, including a schematic of the
electrical connections.
In order to periodically form a QD our device uses two
surface finger gates with applied voltages V1 and V2 to
define a potential in a longitudinal direction and a shal-
low etch to impose a fixed transverse potential well8,9.
An SEM image of the device can be seen in the inset
of Fig. 1. The narrow quantum wire of lithographic
width w = 700 nm was defined by shallow wet chemi-
cal etching on a Si doped AlGaAs/GaAs heterostructure
with a two-dimensional electron gas (2DEG) 90 nm be-
2low the surface. The wafer had a mobility of 120 m2/Vs
and an electron density of 1.7 × 1015m−2 at 1.5K. The
wire was etched to a depth of 25 nm in an etchant of
HCl : H2O2 : H2O = 1 : 4 : 100. At each end of the wire
are regions of 2DEG where Ohmic contacts are made.
Three Ti(10 nm)/Au(20 nm) finger gates with a width of
100 nm and a pitch of 250 nm were defined over the etched
channel with electron beam lithography and metal gate
evaporation.
A static QD is induced by applying negative DC volt-
ages V1 and V2, setting the average barrier height of the
QD. To induce the action of pumping, a sinusoidal signal
from an RF generator V AC1 is added to the DC voltage
V1 using a bias tee, shown schematically in the inset of
Fig. 1. The frequency of the applied AC signal was set
to f = 306.7MHz with a power of −12 dBm. From a
study of the pinchoff characteristics for V1 as a function
of applied RF power we determined the power to voltage
amplitude conversion, giving ∼80mV at −12 dBm. All
measurements presented in this work were performed in
a dilution refrigerator at a temperature of ∼50mK.
Figure 1 shows pumped current with no applied mag-
netic field. The first two plateaus are clearly visible
and correspond to the pumping of one and two elec-
trons through the dot respectively. Higher n plateaus
are generally less well defined8. Dashed lines represent
the expected current for the first three plateaus. When
the B-field is applied, changes in the pumped current
as a function of magnetic field are seen. Figure 2 shows
the magnetic field dependence for pumped current at dif-
ferent values of V2, incremented in steps of 670µV. V1
was fixed at −0.140V. Plateaus corresponding to a quan-
tized number n of electrons pumped per cycle manifest as
darkened areas in the plot where several curves condense.
Switching events, commonly referred to as random tele-
graph signals, are noticeable for the voltages correspond-
ing to transitions between plateaus. For these voltages,
the total pumped current is more sensitive to changes in
the background potential. These events are less clear in
Fig. 2 (b), where the B field sweep rate was increased
from 5T/hr to 20T/hr.
In Fig. 2 (a) and (b) it can be seen that the plateaus
for ef , 2ef and 3ef are visible for magnetic fields in
the range of 0T to 2T. This is significantly different to
observations made by Cunningham et al11. For SAW
devices the ef plateau was no longer visible for magnetic
fields above 250mT and higher plateaus (2ef and 3ef)
disappeared at even lower magnetic fields.
In Fig. 2 (a) and (b) the pumped current for a fixed
voltage V2 gradually increases as a function of magnetic
field. For voltages V2 such that the pumped current is not
quantized, increasing the magnetic field causes the cur-
rent to rise towards the quantized value. The plateaus
are therefore becoming longer in V2, indicating an im-
provement in the robustness of the quantization as the
applied B field is increased.
This effect is particularly apparent in the field range
of 1.7-2 T, where the 3ef plateau becomes considerably
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FIG. 2: Pumped current as a function of applied perpen-
dicular B field. Each line represents a different voltage V2,
explained in more detail in the text. The v’s along the upper
borders highlight features of interest. A sweep rate of 5 T/hr
and 20T/hr was used in a) and b) respectively.
more pronounced. This may be due to the stronger
confinement of the captured electrons in the dot as
the magnetic field is increased. The eigenstate of the
many-particle system is classified by one angular mo-
mentum quantum number (J) which is the sum of the
single-electron quantum numbers12. Because of electron-
electron interaction, the ground state energy increases
with this total angular momentum quantum number.
The extent of the ground state wave function in the radial
direction, i.e., the radius of the orbit, is determined by
the magnitude of a where a2 = (~/m∗)(ω2c+4ω
2
0)
−1/2. In
this notation, m∗ is the electron effective mass, ωc is the
cyclotron frequency and ω0 is the angular frequency for
the harmonic potential of the quantum dot. As the mag-
netic field increases, a decreases, thus making the total
wave function more confined close to the center of the dot
and less likely for an electron to escape. As a result, the
probability for electrons to tunnel back into the source
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FIG. 3: Evolution of the quantized pumped current plateaus
in applied B field. The numbers in the gray scale bar indicate
the number of electrons pumped per cycle.
after they have been captured (as discussed in Ref8) is re-
duced, and therefore quantization in the pumped current
is improved.
Figure 2 (a) and (b) also show features at certain values
of magnetic field, periodic in 1/B, as indicated by the v’s
along the upper borders. We remark that the positions
of these features correspond to the cyclotron radius Rc =
m∗vF /eB being an integer multiple of 21 nm (where the
Fermi velocity vF is assumed to be that of the bulk).
This length scale is comparable to the average size of
the QD, as estimated from a time-dependent potential
calculated using the lithographic device design13. Similar
features in the current pumped by a SAW were attributed
to commensurability oscillations in the 2DEG adjacent
to the SAW channel11,14. A similar explanation for the
features in our data is unlikely as there is no 2D region
near to the electron pump. We do not have a complete
explanation for the origin of these features at present.
Figure 3 shows the evolution of the data in Fig. 1 un-
der an applied B field. It is clear from this Figure that
the plateaus become longer, again showing the increased
robustness of the pumped current due to the magnetic
field.
Figures 4 (a) through 4 (e) contain a set of plots with
a common gate voltage axis that will be used to present
a qualitative analysis of the accuracy of the pumped cur-
rent. Figure 4 a) shows the first plateau of pumped cur-
rent in zero field (red solid curve) and in a field of 2.5T
(blue dashed curve). The numerical derivative for each
plot in Fig. 4 a) was taken, with the results plotted in
Fig. 4 b) and c) for zero field and 2.5T respectively. On
first observation the increase in the length of the plateau
in a field of 2.5T can be seen, as was previously discussed.
Regions of minimum gradient are shown by the black
boxes in Fig. 4 b) and c). The size of box was chosen to
encompass a region where the numerical derivative is at
a minimum in zero field. A magnified plot of these re-
gions is presented in Fig. 4 d) and e). The range of gate
voltages were chosen to be the same in order to draw
an accurate comparison in the gradient of the plateau.
From Fig. 4 we determine an average gradient for the
first plateau of 21.1 pA/V in zero field which improves
to a gradient of 9.5 pA/V for a field of 2.5 T. Janssen
and Hartland15 have demonstrated an empirical relation
between the slope of the plateau and the accuracy of
quantization. The present results show an improvement
of ∼55% in the current quantization with the application
of a perpendicular magnetic field of 2.5T
In conclusion, we have presented experimental results
of the effects observed when a high-frequency electron
pump is exposed to a perpendicular magnetic field.
Strong improvements in the plateaus of quantized cur-
rent were clearly seen. The addition of a perpendicular
field introduces an additional confinement to the elec-
trons captured by the dynamic dot. Such confinement
has had a positive effect, leading to increased robustness
and improved quantization. Further work is required to
fully appreciate the physical effects a magnetic field has
on these types of devices. Such findings would have a
positive influence on the many applications proposed for
these robust and dynamic electron pumps.
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FIG. 4: (Color online) Pumped current for the first plateau. a) shows the pumped current at 0T (red solid curve) and 2.5T
(blue dashed curve). Dot dashed lines correspond to the expected plateau values. b) and c) show the numerical derivative of
the pumped current. d) and e) are expanded regions indicated by the black boxes in in b) and c) over which the gradient of
each plateau were calculated.
